It has been proposed that the decreased potency of Ca'+ channel blockers to produce relaxation in vascular tissues contracted at high al-adrenoceptor occupancy may be caused by activation of spare receptors. Results from the present study using isolated strips of rabbit renal arteries contracted with the arl-adrenoceptor agonist phenylephrine (PhE) support this hypothesis and provide a cellular explanation for the phenomenon. PhE at 1 ,uM activated only 23% of the total al-adrenoceptor pool but produced maximum stress while increasing the extent of myosin light chain phosphorylation to 35%. Activation of additional (spare) a,-adrenoceptors with 100 ,uM PhE produced an additional increase in the extent of myosin light chain phosphorylation, which reached 45%, but did not produce an additional increase in stress above that produced by 1 ,uM PhE. A complete [PhE]-response curve revealed a quasihyperbolic dependency of stress on myosin light chain phosphorylation; i.e., a roughly linear relation existed at [PhE] values below that producing maximum stress, and at higher concentrations, phosphorylation was further increased but stress was not. Interestingly, the Ca 2 channel blocker nifedipine (0.1 ,M) reduced the increases in myosin light chain phosphorylation produced by both 1 and 100 ,uM PhE by the same amount, approximately 12%. Nifedipine also reduced the increases in [Ca2]i produced by 1 and 100 ,uM PhE by the same amount. However, nifedipine reduced the level of stress produced by 100 ,tM PhE by only 17%, whereas the level of stress produced by 1 ,uM PhE was reduced by 63%. These results suggest that the unique relation between stress and myosin light chain phosphorylation may play a role in determining the sensitivity of relaxing agents. (Circulation Research 1993;72:1308-1316 KEY WoRDs * vascular smooth muscle * rabbit renal artery * isometric stress * crossbridge cycling * myosin light chain phosphorylation * phospholipase C * inositol phosphates * phenylephrine cal-adrenoceptors * calcium * fura-2 AM Organic Ca2' channel blockers reduce the stress produced on membrane depolarization in smooth muscle by inhibiting L-type Ca'2 channels.12 However, a number of studies have clearly shown that Ca2+ channel blockers do not reduce the stress produced by all contractile agonists equally well. In particular, contractions produced by activation of plasma membrane receptors are more resistant to inhibition than are contractions produced by K' depolarization.',3 In addition, full a,-adrenoceptor agonists are more resistant than partial agonists, and full ct,-adrenoceptor agonists are more resistant than a2-agonists.4-6 Interestingly, there are spare receptors in vascular preparations for full a,-adrenoceptor agonists but not for a2-agonists. This led Ruffolo et a14 and others7,8 to suggest that spare a,-adrenoceptors may be responsible for the decreased ability of Ca2' channel blockers to produce vascular relaxation under certain conditions.
The precise role that spare receptors play in the physiology of vascular smooth muscle contraction is not known. However, the existence of spare receptors may be a consequence of signal amplification, where activation of a low percentage of the total receptor population can produce a maximum final tissue response.9 A steeply hyperbolic relation between receptor occupancy and stress is characteristic of spare receptors in smooth muscle and may be a manifestation of the sequential stimulation of several cellular signals.10 Implicit in this scheme is the assumption that activation of more receptors than is required to produce maximum contraction (i.e., activation of spare receptors) may yield higher levels of cellular signals than is required to produce maximum stress (i.e., supramaximum levels). In this case, a portion of the total receptor pool is spare only when considering the final response and not certain postreceptor responses that precede stress, such as changes in cytosolic Ca's ([Ca2+1) or myosin light chain phosphorylation. The present study examines the proposal that relaxation may be compromised in tissues in which cell signals are activated to supramaximum levels by spare receptors.
It is generally accepted that receptor agonists produce smooth muscle contractions primarily by increas-vation of spare a,-adrenoceptors can produce higher levels of [Ca'+] , and myosin light chain phosphorylation than are required to produce maximum active stress. If so, then vascular smooth muscle with spare a,-adrenoceptors may be relatively resistant to Ca'+ channel blockers when activated with high agonist concentrations, because the "extra" crossbridge activation would have to be reduced before significant relaxation could occur. The present study tests this hypothesis. In particular, rabbit renal arteries were stimulated with the a1-adrenoceptor agonist phenylephrine (PhE) at a concentration that produced a maximum contraction (1 ,uM) and at a 100-fold greater concentration (100 ,uM) that activated spare receptors but produced an equivalent level of stress. For both concentrations, the degree of activation of cellular messengers (inositol phosphate and Ca'+) and of crossbridges (myosin light chain phosphorylation and the velocity of muscle shortening) was assessed. In addition, the extent of relaxation produced by the L-type Ca'+ channel blocker nifedipine was examined during muscle activation at both PhE concentrations. The data support the concept that spare a1-adrenoceptors decreased the ability of nifedipine to produce arterial relaxation because they increased myosin light chain phosphorylation above that required to produce maximum stress.
Materials and Methods Tissue Preparation and Isometric Force
Tissues were prepared as described previously.14 Renal arteries were obtained from New Zealand White rabbits (body weight range, 7-12 lbs) that were killed with an overdose of sodium pentobarbital. Rabbits were maintained under constant environmental conditions in individual cages with a 12-hour light and 12-hour dark cycle and given food and water ad libitum. Arteries were cleaned of adhering tissue and stored for up to 48 hours in cold (0-4°C) physiological saline solution (PSS) containing (mM) NaCI 140, KCl The extent of myosin light chain phosphorylation was measured as described previously.14"15 Muscle strips at L, were frozen quickly in an acetone-dry ice slurry, warmed slowly in acetone to room temperature, and homogenized in 8 M urea, 2% Triton X-100, and 20 mM dithiothreitol. Isoelectric variants of the 20-kd myosin light chains were separated by two-dimensional (isoelectric focusing/sodium dodecyl sulfate) electrophoresis.'7 After fixation with 50% ethanol/10% acetic acid and cross-linking with 10% glutaraldehyde'8 to ensure that the low molecular weight light chains could not be washed from the gels, the proteins were stained with silver. 19 The relative amounts of phosphorylated and nonphosphorylated light chains were quantified by scanning densitometry of the stained gels. 17 Phospholipase C Activity Phospholipase C activity was estimated as described previously20 by measuring the production of inositol phosphates in the presence of Li+ to block inositol monophosphatase. The technique was based on methods described by Berridge et a121 and Rapoport. were used to examine the null hypothesis and to discern which groups were different. For each study described, the value for n was equal to the number of rabbits. For example, to increase the sample size by 1 for a particular study using arterial muscle strips from the renal artery of one rabbit, additional muscle strips from another rabbit rather than the same rabbit were included.
Drugs
PhE, nifedipine, and N-(6-aminohexyl)-5-chloro-1-naphthalenesulfonamide (W-7) were from Sigma, and 1-(5 -iodonaphthalene-1-sulfonyl)-1H-hexahydro-1,4 -diazepine (ML-7) was from Seikagaku America Inc. (Japan).
Results

Spare a1-Adrenoceptors
The partial receptor inactivation technique27 was used to determine the degree of a,-adrenoceptor reserve (extent of spare receptors) in rabbit renal arteries. Two concentration-stress curves were constructed by adding PhE cumulatively to muscle strips 1 hour before and 30 minutes after partial receptor inactivation27 produced by a 15-minute incubation in 20 nM phenoxybenzamine (PBZ). The concentration of PhE producing half-maximum stress (EC50) was measured in tissues contracted before PBZ addition. The PhE-al-adrenoceptor dissociation constant K, and the fraction of active a1-adrenoceptors after partial receptor inactivation (q in Figure 1) Phospholipase C Activity One functional measure of a1-adrenoceptor activation other than stress is activation of phospholipase C. 28 In addition, activation of phospholipase C represents a step very close to receptor activation, when considering the sequence of steps describing stimulus-contraction coupling.28 As such, phospholipase C activation would more closely reflect receptor occupancy than stress and, in this way, may represent a functional assay of spare receptor activation. Phospholipase C activity was estimated by measuring product formation (inositol phosphate production in the presence of Li+; see "Materials and Methods") in strips of rabbit renal arteries exposed to 0 ,aM (basal), 1 ,M, 100 ,M, and 1 mM PhE. The results (Figure 2A ) demonstrated that all concentrations of PhE increased the production of inositol phosphates above the basal level (p<0.05, Figure 2A) . However, 1 ,uM PhE, a [PhE] that produced maximum contraction, produced a significantly weaker increase in inositol phosphate production than did 100 ,uM PhE (p<0.05, Figure 2A ). These data indicate that more 4-a1-adrenoceptors were activated by 100 ,uM PhE than were activated by the [PhE] that produced maximum contraction (1 ,uM PhE) and suggest that these spare receptors for stress were functionally linked to the generation of cell signals such as inositol 1,4,5-trisphosphate. In addition, no further elevation in phospholipase C activity was produced by a higher [PhE] (1 mM, Figure 2A ), suggesting that a1-adrenoceptors may have been maximally stimulated by 100 gM PhE.
Activation of phospholipase C increases the levels of inositol 1,4,5-trisphosphate, which is largely responsible for the transient smooth muscle contractions produced in Ca2+-free solutions by receptor agonists, because this messenger mobilizes sarcoplasmic reticular Ca2+.29 To determine whether contractions in a Ca2`-free solution and phospholipase C activation had similar [PhE] dependences, tissues were incubated in 0 mM CaCl2 plus 1 mM EGTA for 10 minutes to remove extracellular Ca21 and then stimulated to contract for 12 minutes with 1 ,uM, 100 ,uM, and 1 mM PhE. Like the phospholipase C response, the peak stress response produced in the Ca2+-free solution by 100 ,uM PhE was significantly greater than the response produced by 1 ,uM PhE (p<O.O5, Figure 2B ). Also, like the phospholipase C response, 1 mM PhE did not generate a greater peak stress response than did 100 gM PhE ( Figure 2B ).
Myosin Light Chain Phosphorylation
To determine whether activation of spare a1-adrenoceptors contributed phosphorylated crossbridges to the : (Figure 3) . However, the extent of myosin light chain phosphorylation produced by 100 ,uM PhE was significantly greater than that produced by 1 ,uM PhE (p<0.05), whereas stress values produced by these two concentrations were equivalent (Figure 3 ).
Velocity of Muscle Shortening
A study was designed to determine whether 100 p.M PhE produced a greater increase than 1 ,uM PhE in the velocity of muscle shortening in rabbit renal arteries, because muscle shortening, like myosin light chain phosphorylation, is a regulated parameter in vascular smooth muscle.12 Tissue-to-tissue variability was largely eliminated by normalizing the velocities of muscle shortening produced at 30 minutes of contraction by 1 and 100 ,uM PhE to that produced at 30 minutes of contraction by K' depolarization.20 PhE at 100 ,uM produced a greater increase in the velocity of muscle shortening Figure 4A ). In addition, in the presence of nifedipine, 1 ,uM PhE produced a weaker increase in stress than did 100 ,uM PhE ( Figure 4A , p<O.O5), but 1 and 100 ,uM PhE produced equivalent increases in [Ca2]i ( Figure 4B ).
The result that 1 and 100 gAM PhE produced equivalent increases in [Ca 2]i was surprising because 100 AtM
PhE did produce greater increases than did 1 ,uM PhE in the extent of myosin phosphorylation (see Figure 3) , the velocity of muscle shortening, and phospholipase C activity (see Figure 2A ). These other measurements were made in tissues in which PhE was added noncumulatively. To Time (min) produced by KCI. In addition, the adventitial surface was gently stripped away with forceps to prepare thinner muscle strips, and the tissues were loaded with 20 ,uM fura-2 AM for 3 hours rather than with 5 ,uM fura-2 AM for 2 hours. Stress and fluorescence ratios produced under these conditions were similar to those shown in Figure 4 (control), and both the steady-state (10-minute) levels of stress and [Ca"2]i produced by 1 and 100 ,uM PhE were not different ( Figure 5 ). before the addition of the relaxing agents were not different ( Figure 6A ). However, all three relaxing agents more potently reduced stress in tissues contracted with 1 gM PhE than in tissues contracted with 100 p.M PhE ( Figure 6 ).
Effect of Nifedipine on the Extent of Myosin Light
Chain Phosphorylation
To determine whether the greater stress response produced by 100 ,uM PhE compared with 1 ,uM PhE in the presence of nifedipine was due to a greater increase in the extent of myosin light chain phosphorylation, tissues were contracted with 1 and 100 ,uM PhE, relaxed with 0.1 ,uM nifedipine, and frozen to measure myosin light chain phosphorylation (see "Materials and Methods"). In the presence of nifedipine, both stress ( Figure  7A ) and the extent of myosin light chain phosphorylation ( Figure 7B ) produced by 100 ,uM PhE were greater than those responses produced by 1 ,uM PhE (p<0.05).
Discussion
The dependence of stress on the fraction of a1-adrenoceptors occupied by PhE in rabbit renal arteries was found to be steeply hyperbolic (see Figure 1B) 8 The precise mechanism explaining this phenomenon is not known. Data from the present study suggest that the mechanism responsible for the decreased ability of the organic Ca2' channel blocker nifedipine to cause vascular smooth muscle relaxation can be found in the quasihyperbolic dependence of stress on myosin light chain phosphorylation.
Replotting the steady-state data from Figure 3 as myosin light chain phosphorylation versus stress revealed a quasihyperbolic relation (Figure 8 ). That is, increases in phosphorylation from low levels (e.g., approximately 0.20-0.30 mol Pi/mol 1c20, where 1c20 is 20-kd myosin light chain) would produce large increases in stress, but increases in phosphorylation from slightly higher levels (e.g., approximately 0.30-0.45 mol P!/mol 1c20) would produce much smaller increases in stress (Figure 8 ). This relation is similar to that seen in other vascular tissues, when several different contractile agents and several different activation protocols are used. 32, 33 Interestingly, the steady-state stress and phosphorylation data from Figure 7 fit on the quasihyperbolic curve of Figure 8 . These two data points represent stress and myosin light chain phosphorylation values produced by tissues activated with 1 ,uM and 100 ,uM PhE in the presence of 0.1 ,uM nifedipine. Nifedipine reduced the extent of myosin light chain phosphorylation equally well in tissues contracted with both 1 and 100 ,uM PhE. In particular, the difference between the levels of phosphorylation produced by 1 ,uM PhE and 1 ,uM PhE plus nifedipine was 0.12 mol Pi/mol Ic20, and the difference between 100 ,uM PhE and 100 p.M PhE plus nifedipine was 0.11 mol Pi/mol 1c20 (Figure 8 ).
Equal reductions in myosin phosphorylation were consistent with the finding that 0.32 .M nifedipine inhibited equally well the increases in [Ca 2+]i produced by 1 and 100 ,uM PhE (see Figure 4B) . However, because stress and myosin light chain phosphorylation at these (1 ,uM PhE) reduced stress by 63% (Figure 8 ). In summary, these data indicate that, although not producing additional stress, activation of spare aladrenoceptors by 100 ,M PhE produced a substantial increase in the extent of myosin light chain phosphorylation. Furthermore, the data suggest that nifedipine was a less effective relaxing agent in tissues activated by high concentrations of a1-adrenoceptor agonists because the "extra" phosphorylation produced by spare receptors had to be reduced before significant relaxation took place. tions are relatively insensitive to organic Ca2' channel blockers because of significant mobilization of intracellular calcium. Although speculative, another possible explanation for the lower sensitivity of nifedipine to produce relaxation of tissues contracted by high aladrenoceptor occupancy was that increasing PhE concentrations decreased myosin light chain phosphatase activity, thus increasing the extent of myosin light chain phosphorylation without activating additionally myosin light chain kinase. Recent studies using permeabilized smooth muscle indicate that receptor activation can increase the sensitivity of crossbridges to calcium through this mechanism.36,37 However, whether this occurs in intact smooth muscle is not known.
Phosphatidylinositol 4,5-bisphosphate-specific phospholipase C generates both inositol 1,4,5 -trisphosphate and 1,2-diacylglycerol, an endogenous activator of protein kinase C. 28 It was possible that the activity of a Ca 2+-dependent38 or Ca 2+-independent39 isotype of protein kinase C was increased by high receptor occupancy in rabbit renal arteries because 100 ,uM PhE produced greater than a threefold increase above that produced by 1 ,uM PhE in phospholipase C activity. An increase in protein kinase C activity may explain increased myosin light chain phosphorylation without increased stress, because protein kinase C is known to phosphorylate sites on the 20-kd myosin light chains that reduce or prevent additional crossbridge activation. 40 However, this is inconsistent with the finding that 100 pM PhE produced a greater increase in the rate of muscle shortening than did 1 ,uM PhE. In addition, although physiological contractile agonists activate protein kinase C in smooth muscle, Kamm et a141 and Singer et a142 have shown that receptor agonists do not appear to produce protein kinase C-induced myosin light chain phosphorylation. These studies did not investigate the effect of activation of spare receptors, and although speculative, it is conceivable that high receptor occupancy limits the degree of stress by stimulating protein kinase C-induced phosphorylation of myosin light chains. A greater increase in stress and [Ca 2+]i than was achieved at steady state by 1 and 100 ,uM PhE was produced transiently by 100 ,uM PhE (see Figure 5 ), suggesting that high receptor occupancy invokes an autoregulatory mechanism limiting the degree of maintained [Ca 2+]i and stress but not myosin light chain phosphorylation. Further studies will be required to determine how activation of spare receptors produces such autoregulation.
In conclusion, rabbit renal arteries had spare aladrenoceptors, as measured by the partial receptorinactivation technique of Besse and Furchgott27 and by a functional assay linking spare receptors to increased activation of phospholipase C. Activation of spare aladrenoceptors by high receptor occupancy (100 ,uM PhE) resulted in increases above the levels required to produce maximum stress in myosin light chain phosphorylation and muscle shortening velocity but not in [Ca 2+]j. A high nifedipine concentration inhibited the increases in myosin light chain phosphorylation produced by 1 Ca2'-channel blocker nifedipine to relax arteries contracted at high receptor occupancy was a direct consequence of the quasihyperbolic dependence of stress on myosin light chain phosphorylation and not due to a decreased ability of nifedipine to reduce [Ca2+] and phosphorylation.
